gemini surfactants 4, 5 . In the current study, quaternary ammonium salts were prepared using propylthioacetate as a side chain. The properties of the thioester surfactants in aqueous solution were investigated by conductivity, fluorescence probe, and dynamic light scattering measurements. The reactivity of thioacetate is partly due to poor resonance stabilization in the ground state, as the 3p orbitals of the sulfur atom have poor overlap with the 2p orbitals of the carbonyl group. The mechanism of thioester hydrolysis has been investigated by kinetic studies. Thioacetate can be hydrolyzed in both acidic and alkaline conditions 6, 7 . Thus, surfactants containing the propylthioacetate side chain will generate thiol surfactants, which are prone to oxidation to a disulfide linkage in aerated solutions. Thus, monomeric thioacetate surfactants can be converted into disulfide-linked gemini surfactants by hydrolysis and oxidation. The cross-linking of surfactants is known to be a powerful approach for stabilizing micelle, and the disulfide linkage can be cleaved to release entrapped drugs. We have previously reported the release of hydrophobic pyrene with the transformation of gemini micelles to monomeric thiol surfactants by the addition of dithiothreitol DTT , which is commonly used to cleave the disulfide bond into free thiols 8 . The surfactant aggregation can be controlled by a redox reaction, resulting in the release of solubilized substances from micelles.
EXPERIMENTAL PROCEDURES
2.1 Materials C n H 2n 1 N CH 3 2 CH 2 3 SCOCH 3 Cl C n 3SAc, n 12, 14, 16 were prepared by refluxing N,N-dimethylalkylamine Tokyo Kasei Kogyo Co., Ltd. and an equimolar amount of S-3-chloropropyl thioacetate Sigma-Aldrich in acetonitrile for 18 h. Following evaporation of acetonitrile, the products were purified by recrystallization from acetone. C n 3SAc was preserved under reduced pressure over P 2 
Measurements
The conductivities of aqueous surfactant solutions were measured using a Model DS-52 HORIBA conductivity meter at 25 . The absorption spectra of aqueous surfactant solutions in a 1 mm pathlength quartz cell were recorded using a Hitachi U-2900 spectrophotometer. Fluorescence spectra of 10 6 M SPQ in surfactant solutions were measured from 340 nm to 500 nm under 346 nm excitation using a Hitachi F-2700 spectrophotometer. Fluorescence spectra of 10 7 M pyrene were measured from 300 nm to 450 nm under 335 nm excitation. The intensities of the first and third pyrene fluorescence peaks were recorded. Dynamic light scattering DLS measurements were performed to determine the aggregate diameters using a SZ-100 HORIBA . The surfactants were analyzed by HPLC as reported previously 5 . A TSKgel ODS-100V TOSOH Co.
column was used with methanol / 30 mM sodium 1-octanesulfonate 90:10 mixtures as eluting solutions. The elution of cationic surfactant was detected by electrical conductivity measurements. The surfactants containing the thioacetate group were sensitively detected by monitoring the absorbance at 233 nm. NMR spectra were recorded using a JEOL JMN LA-400 spectrometer.
RESULTS AND DISCUSSION
3.1 Properties of thioester surfactants in aqueous solution We have previously demonstrated the fluorescence quenching of SPQ by halides dissociated from surfactants 9 .
The CMC and degree of micellar ionization were estimated by the Stern-Volmer relationship and conductivity measurements. Figure 1 shows the conductivity curves for aqueous solutions of C 16 3SAc against the surfactant concentration, as well as the Stern-Volmer plot for SPQ fluorescence quenching. The experimental data gave linear plots at concentrations below the CMC. The inflection point for the conductivity data was in fair agreement with that for the Stern-Volmer plot of SPQ quenching. The ratio of the slopes for the conductivity vs. concentration plot above and below the CMC S 2 /S 1 has been used as a measure of the degree of micellar ionization 2 . The S 2 /S 1 value for C 16 3SAc was 0.59, which was somewhat higher than that determined by the SPQ quenching method see Table 1 . The SPQ fluorescence was selectively quenched by chloride ions, enabling the determination of the concentration of chloride ions dissociated from micelles. The electrophoretic mobility of the micelles contributed to the slope in the conductivity curve, resulting in a somewhat higher degree of micellar ionization. The CMC for C 16 3SAc was approximately half that of hexadecyltrimethylammonium chloride CTAC, CMC 1.4 mM , owing to the hydrophobicity of the propyl group in the side chain and the hydrophilicity of thioacetate. The data obtained by the conductivity and SPQ fluorescence probe methods are summarized in Table 1 . The CMCs were in fair agreement with both methods, whereas slight differences were observed for the degree of micellar ionization, as described above. The logarithms for the CMCs were plotted against the number of carbon atoms in the main alkyl chain, as shown in Fig. 2 . The log of the CMC for C n 3SAc decreased linearly with the carbon number of the main alkyl chain. The value of A 0.319 coincided with that of alkyltrimethylammonium chloride, as reported in the literature 2 . The linear relationship for C n 3SAc was parallel with that for a single chain surfactant, suggesting that the micellar structure of C 16 3SAc resembles that of CTAC. The value of B decreased with the introduction of a propylthioacetate side chain owing to the balance between the hydrophobic and hydrophilic contributions to the energetics of micelle formation. Pyrene fluorescence has been widely used to determine the CMC and micellar micropolarity using the ratio of the intensity of the first and third vibronic peaks I 1 /I 3 10, 11 .
The determined CMCs were consistent with the data obtained from the conductivity and SPQ fluorescence quenching methods. The micellar micropolarity of C 12 3SAc was slightly higher than that of DTAC dodecyl trimethyl ammonium chloride , as shown in Table 1 . The introduction of the polar thioacetate group would induce water penetration into C n 3SAc micelles around the solubilization site of pyrene in a palisade layer. The micellar aggregation numbers N agg of the surfactants were determined by the pyrene fluorescence quenching method using a hexadecylpyridinium chloride quencher CPC 12 . N agg can be obtained by the equation ln I o /I N agg Q / C s -CMC , where I and I o are the fluorescence intensities with and without the quencher, respectively, and C s and Q are the concentrations of the surfactant and quencher, respectively. The natural logarithm of I o /I was plotted against the concentration of the CPC quencher, as shown in Fig. 3 . From the slope of the linear relationship, the N agg of 30 mM C 12 3SAc, 20 mM C 14 3SAc, 10 mM C 16 3SAc, and 10 mM CTAC were 28.2, 31.8, 43.6, and 56.3, respectively. The micellar aggregation numbers increased with the alkyl chain length, as expected from geometric considerations 13 . For a spherical micelle with a radius equal to the alkyl chain length, the micellar aggregation number can be given by the equation, N cal 4πR 3 /3v , where R is the radius of the hydrophobic micellar core and v is the volume of the hydrophobic alkyl chain. When R is 84 of the extended alkyl chain length l 0.154 0.126 n nm , where n is the carbon number of the hydrophobic alkyl chain for C n 3SAc, N cal is calculated to be 55.4 using v 0.0274 0.0269 n c nm 3 , which is close to the experimental value of 56.3. If we assume that the R of C n 3SAc alkyltrimethylammonium chloride, C n 3SAc.
micelles is also 84 of the extended alkyl chain length, N cal 26.6, 36.1, and 47.1 for C 12 3SAc, C 14 3SAc, and C 16 3SAc, respectively, taking into account the volume of the propyl group. The smaller N agg of C 16 3SAc compared with CTAC could arise from the penetration of the propyl group into the palisade layer of micelles.
3.2 Deprotection of thioacetate via thiol-thioester exchange Thioester has been used as a protecting group for thiols because it can be easily hydrolyzed by alkali 6 . Recently, thiol-thioester exchange was reported in cyclic thiodepsipeptide libraries 14, 15 . The elimination of thioacetate could be monitored by 1 H NMR spectroscopy, resulting in a disappearance of the peaks for the acetyl methyl group and a shifting of the peak for the methylene hydrogen atoms adjacent to the sulfur atom 16 17 . Thus, thiol-thioester exchange is expected to generate thiol surfactant in water. We examined the stimuli response of a C n 3SAc aggregation by thiol-thioester exchange using DTT, which is water-soluble and has little influence on the CMC for cationic surfactants, as reported previously 8 . Figure 4 a shows chromatograms of 5 mM C 16 3SAc aqueous solutions before and after incubation for 60 min in 5 mM DTT at 40 . The elution of C 16 3SAc was detected by monitoring the absorption maxima of thioacetate as well as conductivity. The peak absorption of C 16 3SAc detected at 233 nm decreased remarkably with incubation, while the peak area of conductivity for C 16 3SAc remained almost constant, as shown in Fig. 4 b . These results indicated that the thioacetate group of C 16 3SAc was eliminated by DTT while the total concentration of cationic surfactants remained constant. After 60 min of incubation, the C 16 3SAc concentration decreased to 1.96 mM, while the total concentration of C 16 3SAc and C 16 3SH remained almost constant without the formation of a disulfide linkage 2C 16 3SS . The change in micellar aggregation upon deprotection of thioacetate was investigated by a gel filtration method. Gel filtration is a type of partition chromatography that is used to separate monomers from micellar solutions on the basis of molecular size 18 20 . 10 mL of aqueous sample solutions was added continuously to the top of the column and eluted with distilled water at a flow rate of 22.2 mL/h. A conductivity flowcell for detecting surfactants was used to record the conductivity against the elution volume. Figure  5 shows the elution curves of conductivity for C 12 3SAc aqueous solutions before and after incubation with DTT, showing the frontal elution volume V f and the elution volumes of aggregates V A and monomers V S . V A and V S were obtained from the volume between the end of surfactant injection V 10mL and the differential peak arrows in Fig. 5 . In the gel filtration of a surfactant solution, the micelles flow faster down the column than do the monomers and dissociate into monomers in the frontal region of the solution. The process of dissociation and association of micelles is repeated during the gel filtration process. Therefore, V f of the micellar system becomes larger than V A , while V f of the monomer system is almost equal to V S . The differential curves indicated that V f 8.0 mL and V S 8.1 mL for a 10 mM C 12 3SAc monomer system, while V f 7.1 mL, V A 4.1 mL and V S 8.3 mL for a 20 mM C 12 3SAc micellar system. After incubation of the 20 mM C 12 3SAc micellar system with equimolar DTT, V f and V A decreased to 6.4 mL and 3.6 mL, respectively, suggesting micellar growth upon deprotection of thioacetate. Next, we examined the thiol-thioester exchange between thiol and thioester surfactants at 40 as the Krafft point of C 14 SH is at 34 . Figure 6 a shows the results of HPLC analysis for a 5 mM C 16 3SAc aqueous solution after 0 and 6 b The time-course of surfactant concentrations detected by absorption and conductivity in HPLC analysis. C 14 SAc detected at 233nm for 5mM C 1 SAc-5mM C 14 SH, C 14 SAc C 14 SH detected by conductivity for 5mM C 1 SAc-5mM C 14 SH, C 16 3SAc, C 14 SAc detected at 233nm for 5mM C 16 3SAc-5mM C 14 SH, C 16 3SAc C 16 3SH, C 14 SH C 14 SAc detected by conductivity for 5mM C 16 3SAc-5mM C 14 SH. 60 min of incubation in 5 mM C 14 SH at 40 . The thiol surfactant C 14 SH was barely detected at 233 nm, thus only thioester surfactants were observed in the chromatograms. The elution of C 16 3SAc was observed at around 3 min, while the new C 14 SAc peak was detected at around 2 min. The time-course of the surfactant concentrations is shown in Fig. 6 b . Thiol-thioester exchange also occurred for a 5 mM CH 3 3 N CH 2 2 SCOCH 3 C 1 SAc -5mM C 14 SH system. The C 14 SAc concentration gradually increased up to 1.07 mM during 60 min incubation. In contrast, the thiol-thioester exchange attained equilibrium rapidly within 5 min, likely owing to the concentration effect for C 16 3SAc-C 14 SH mixed micelles. Moreover, micellar C 14 SH could also be prone to form the thiolate anion, resulting in acceleration of the thiol-thioester exchange. Note that the total concentration of C 14 SAc and C 14 SH detected by conductivity measurements slightly decreased owing to the formation of disulfide-linked gemini surfactants, i.e., 2C 14 SS.
Disul de linkages in alkaline solution
The thiol-thioester exchange is a reversible reaction, whereas the alkaline hydrolysis by attack of the hydroxide ion at the electron-deficient carbonyl carbon is an irreversible reaction 7 . Figure 7 a shows the change in the absorption spectra for 5 mM C 16 3SAc aqueous solutions with the addition of 5 mM NaOH at 40 . The thioacetate group of C 16 3SAc exhibited absorption maxima at 233 nm. The absorbance at 233 nm decreased rapidly with the addition of NaOH, while remaining constant with the addition of 5 mM DTT, as shown in Fig. 7 b . These results suggested that the thioacetate group of C 16 3SAc was eliminated by NaOH, but thiol-thioester exchange occurred between C 16 3SAc and DTT. After 24 h incubation for the C 16 3SAc-NaOH system, HPLC showed a new elution peak at 13.3 min, which corresponded to the formation of disulfide-linked surfactant, 2C 16 3SS, as shown in Fig. 8 . The elution of C 16 3SAc disappeared after incubation for 4 d. Figure 9 shows the size distribution of 10 mM C 16 3SAc aggregates before and after incubation for 4 d in 10 mM DTT and 10 mM NaOH. The average diameter of a C 16 3SAc micelle was 2.3 0.1 nm, which is smaller than twice the length of an extended hexadecyl chain. This suggested an unstretched alkyl chain and/or interdigitated packing in C 16 3SAc micelles. The hydrodynamic diameter of the C 16 3SAc-DTT system, i.e., C 16 3SH micelles, increased to 6.1 0.4 nm, which is somewhat larger than that of C 16 3SAc micelles. We have previously reported that the surface area per surfactant molecule of C 12 SH was considerably smaller than half that of 2C 12 SS 8 . The closer packing of C 12 SH resulted in a lower surface tension compared with that of dodecyltrimethylammonium bromide DTAB . Thus, we deduced that the thiol group could be advantageous for micelle formation because of its ability to form a weak hydrogen bond with the thiol group of neighboring surfactant molecules in a micellar palisade layer 21 . The thiol group may be incorporated into the palisade layer in mixed micelles. Thus, the elimination of hydrophilic thioacetate induced the micellar growth, stabilized by the weak hydrogen bonding of thiols in the micelles, as shown in Scheme 1. Substantial micellar growth was observed for the C 16 3SAc-NaOH system, i.e., 2C 16 3SS micelles of 37.8 3.7 nm. The disulfide bond, which usually exists in the inside of a protein molecule, provides structural stability and acts as a hydrophobic group 22, 23 . Likewise, the disulfide linkage between surfactant molecules in micelles will contribute to their stabilization, resulting in significant micellar growth with the elimination of polar thioacetate groups.
CONCLUSION
Cationic surfactants containing a propylthioacetate side chain were responsive to thiol compounds as well as pH stimuli. Thioester surfactants, C n 3SAc, gave corresponding thiol surfactants via thiol-thioester exchange in aqueous solution, resulting in micellar growth along with the elimination of the hydrophilic thioacetate group. Moreover, C n 3SAc gave disulfide-linked gemini surfactants, 2C n 3SS, by alkaline hydrolysis and air oxidation. The deprotection of the polar thioester group of C 16 3SAc induced significant micellar growth owing to the formation of hydrophobic disulfide bonds.
